The transcriptome-wide endosperm-preferred expression of maize genes was addressed by analyzing a large database of expressed sequence tags (ESTs). We generated 30,531 high quality sequence-reads from the 5¢-ends of cDNA libraries from maize endosperm harvested at 10, 15, and 20 days after pollination. A further 196,900 maize sequence-reads retrieved from public databases were added to this endosperm collection to generate MAIZEST, a database with tools for data storage and analysis. MAIZEST contains 227,431 ESTs, one third of which represents developing endosperm and the remaining two-thirds represent transcripts from 49 cDNA libraries constructed from different organs and tissues. Assembling the MAI-ZEST ESTs generated 29,206 putative transcripts, of which a set of 4032 assembled sequences was composed exclusively of sequences derived from endosperm cDNA libraries. After sequence analysis using overlapping parameters, a sub-set of 2403 assembled sequences was functionally annotated and revealed a wide variety of putative new genes involved in endosperm development and metabolism.
Introduction
Tissue and organ differentiation and development require a concerted network of signaling, regulatory and metabolic processes that is ultimately controlled by the qualitative and quantitative expression of a set of genes (Stolc et al., 2004) . In humans, the number of protein-coding genes has been estimated to be around 25,000 (International Human Genome Sequencing Consortium, 2004) . Approximately 1000 of these genes are found to be expressed in all cell types and only a small fraction of transcripts are exclusively expressed in an individual tissue (Velculescu et al., 1999) . The quantity and nature of these tissuespecific genes are largely unknown. In plants, some mutations specifically affect differentiation, development and the metabolism of certain tissues or organs (Maizel and Weigel, 2004; Tuteja et al., 2004) , but the roles of most tissue-specific expressed genes remain unknown.
The availability of large databases of expressed genes offers a good opportunity to identify tissuespecific genes. Over 4 million expressed sequence tags (ESTs) from plant tissues are currently available at GenBank (http://www.ncbi.nlm.nih. gov/dbEST/dbEST_summary.html; release 121004, December 10, 2004) . When these data provide a detailed description of the tissue or organ from which the cDNA libraries were made, it is possible to annotate and compare different library sources and gain insight into tissue-specific expression.
The maize endosperm is a suitable model system for transcriptome analysis because it is formed by only three cell types: starchy endosperm cells, aleurone cells and transfer cells (Olsen 2004) . The endosperm development is also well characterized at the cellular level. The first 7-12 days after pollination (DAP) characteristically involve cell division, after which the endosperm cells enlarge and undergo several metabolic processes that result in the deposition of starch and storage proteins (Lopes and Larkins 1993; Berger 1999; Olsen 2004) . During endosperm development, a complex gene expression system integrate carbohydrate, amino acid and storage protein metabolism (Giroux et al., 1994; Muller et al., 1997; Arruda et al., 2000; Hunter et al., 2002) .
In recent decades, various studies have unraveled many aspects of the biochemistry and cellular and molecular biology of endosperm development (Guo et al., 2003; Lai et al., 2004) . Neuffer and Sheridan (1980) estimated that at least 300 mutations specifically affect the endosperm phenotype, although only a small fraction of these have been characterized at the molecular level (Scanlon et al., 1994; Scanlon and Meyers, 1998) . The Opaque-2 gene, one of the best characterized plant transcription factors, is a good example of the integration of carbohydrate, amino acid and storage protein metabolism. This gene regulates the expression of a set of enzymes involved in these metabolic pathways and therefore has a central role in endosperm development (Lohmer et al., 1991; Schmidt et al., 1992; Bass et al., 1992; Habben et al., 1993; Giroux et al., 1994; Cord Neto et al., 1995; Gallusci et al., 1996; Arruda et al., 2000; Hunter et al., 2002) . Recently, large databases of expressed genes have been made available for maize (http://www.maizegdb.org/ est.php; http://genoplante-info.infobiogen.fr), and transcriptome analyses aimed at identifying the genes involved in endosperm development and metabolism have been published (Hunter et al., 2002; Fernandes et al., 2002; Guo et al., 2003; Yu and Setter, 2003; Lai et al., 2004) .
We have created a large database of expressed maize genes, called MAIZEST (http://www.maizest.unicamp.br), that focuses on genes expressed in developing endosperm. The database was constructed by retrieving cDNA sequence-reads from MaizeGDB (http://www.maizegdb.org/est.php) and Ge´noplante (http://genoplante-info.infobiogen.fr) and subsequently enriching these with 30,531 new cDNA sequence-reads from 10, 15 and 20 DAP developing endosperm. Altogether, the MAIZEST database contains 227,431 maize ESTs, of which 64,537 came from developing endosperm. Bioinformatic tools were developed to help assembling and analyzing the endosperm transcriptome. In this report, we describe the analysis and annotation of endosperm-preferred expressed genes. Based on the large number of expressed sequences, we believe that the genes we have identified represent over 80% of the genes expressed in the endosperm, and that the endosperm-preferred set represents a significant contribution to understanding the molecular mechanisms underlying endosperm development and metabolism.
Materials and methods

Library construction
Field-grown maize (Zea mays L.) plants from the F352 inbred line (Kemper et al., 1999) were selfpollinated and the ears were harvested at 10, 15 and 20 days after pollination (DAP). The upper third of the endosperms, containing only endosperm, aleurone and pericarp tissues, was removed, frozen in liquid nitrogen and stored at )80°C. Total RNA was isolated from frozen developing endosperm as described by Manning (1991) . Poly (A) + RNA was purified from 500 lg of total RNA using Oligotex-dT (Qiagen) according to the manufacturer's instructions. The purity and integrity of the RNA were assessed by the absorbance at 260/280 nm and agarose gel electrophoresis. cDNA was synthesized using 1-5 lg of poly(A) + RNA and directionally cloned into the pSPORT vector (Invitrogen) as described by Vettore et al. (2001) . cDNAs ranging 500-800 bp (base pairs) in size were considered to be short libraries (S10, S15, S20), and those >800 bp were defined as long libraries (L10, L15, M15, N15, L20). Unamplified libraries were plated and individual colonies picked and transferred to 96 well plates containing liquid Circle Grow medium (Bio101), supplemented with 100 mg of ampicillin/l and 8% glycerol. The plates were stored at )80°C.
cDNA Sequencing DNA templates were prepared in 96-well plates in all stages, from bacterial growth through to purification after the sequencing reaction. DNA was prepared using a 96-well alkaline lysis method (http://sucest.lad.ic.unicamp.br/public). Sequencing reactions were done on plasmid templates using one-fourth of the standard volume of ABI Prism BigDye Terminator sequencing kits (Applied Biosystems) and the T7 promoter primer (5¢-TAATACGACTCACTATAGGG-3¢). The reaction products were precipitated with 95% ethanol using 3 M sodium acetate and glycogen (1 g/l) and the pellets were washed twice with 75% ethanol before drying under vacuum. The sequencing reaction products were analyzed using a 3700 ABI sequencer.
The new sequence data described in this paper have been submitted to Genbank under accession numbers CO439027-CO469579.
Database implementation and sequence analysis
All scripts used in trimming, assembly, sequence analysis and web interface were developed using Perl version 5.6.1 (http://www.cpan.org). The data were stored in an Oracle version 8.1.6 relational database (http://otn.oracle.com) and made available on the Web through the Apache 1.3.14 server (http://www.apache.org).
For ESTs generated in our laboratory, base calling and quality assessment were done using the Phred program (Ewing et al., 1998) . The trimming process, which involved the removal of ribosomal RNA, poly-A tails, low quality sequences, bacterial sequences and vector/adapter sequences, was done essentially as described by , with minor modifications. After trimming, the resulting ESTs had an average length of 776 bp and a minimum sequence length of 100 bp with a Phred quality £ 20. For ESTs available from the public databases MaizeGDB (http://www.maizegdb.org/ est.php) and Ge´noplante (http://genoplante-info.infobiogen.fr), FASTA sequences were retrieved and base quality values were arbitrarily assigned: the first 30 bases received a Phred value of 15, the last 20 bases received a Phred value of 12 and the remaining bases received a Phred value of 20. Although they were below the average value obtained for ESTs generated in our laboratory, these quality values improved the accuracy of the EST assembling (data not shown). The CAP3 assembler (Huang and Madan, 1999) set to default parameters was used to assemble the ESTs. The assembled ESTs were referred to as Maize Assembled Sequences (MASs hereafter) and each consisted of a consensus sequence of a group of clustered ESTs. MASs can be either contigs, containing at least two ESTs, or can be singletons, formed by only one EST. Each MAS is likely to represent a transcript rather than a gene, allele or other biological entity, as discussed elsewhere .
Annotation of all MASs was initially automated (GO evidence code IEA; http://www.geneontology.org/GO.evidence.html) by searching Swiss-Prot, and its computer-annotated supplement, the TrEMBL database (Boeckmann et al., 2003;  http://us.expasy.org/sprot/). The highest significant similarity score was used for provisional IEA annotation of the corresponding MAS following analysis of the BLASTX results, using a cutoff value of E £ 10 )15 . The protein name, BLASTX reports, descriptions, keywords and associated Gene Ontology terms (http://www.godatabase.org), if any, were compiled for each MAS entry. For the subset of MASs containing ESTs exclusively from endosperm cDNA libraries, curator-revised annotation (GO evidence code ISS) was done when the BLASTX hit against the NCBI nr database (E £ 10 )5 ) resulted in an alignment length ‡50% of the maximum overlapping length between the query MAS and the NCBI entry (scheme in Figure 1 of supplemental material).
Expression profiling analysis
Three 96-well plates containing EST clones were randomly sampled from the 10, 15 and 20 DAP endosperm cDNA libraries. Additionally, a 96-well plate containing DNA of the empty plasmid vector pSPORT1 (Life Technologies, USA) was used as a negative hybridization control. The plasmid DNA was spotted onto nylon membranes and three replicate filters were produced containing 384 clones each. Total RNA from 10, 15 and 20 DAP endosperm, leaf and root of 7-days-old maize seedlings were isolated and used for probe synthesis. cDNA array hybridization and washing steps were performed essentially as described by Nogueira et al. (2003) . The average and CV among the signal intensities of four replicated spots representing each EST spotted onto filters was estimated. The CV values were used to access the signal variation among replicate spots. The ESTs displaying CV values lower than 30% in all replicate filters were considered for analysis.
Results
Generation and assembly of maize ESTs
The MAIZEST database was constructed by integrating cDNA sequence-reads from three distinct sources: sequences generated in our laboratory, sequences retrieved from MaizeGDB (Gai et al., 2000; Dong et al., 2003 ; http://www.maiz egdb.org/est.php) and sequences retrieved from Ge´noplante (Job, 2002 , Samsom et al., 2003  http://genoplante-info.infobiogen.fr). The information about tissue or organ used for cDNA library construction, as well as the number of sequences from each library from the three EST sources are shown in Table 1 .
Sixty-seven cDNA libraries from different maize tissues, developmental stages or culture conditions were used. The data generated in our laboratory were derived from 41,450 cDNA 5¢-end sequencereads from standard, non-normalized, unidirectional cDNA libraries prepared from maize endosperm sampled at 10, 15 and 20 DAP. After trimming low quality and vector sequences and removing contaminant bacterial and ribosomal RNA sequences, the resulting data set contained 30,531 high-quality sequence-reads (>100 bp, Q20) with an average length of 776 bp. The tissue source information from MaizeGDB and Ge´nop-lante libraries, was retrieved from these two databases. Because we were interested in finding genes that were preferably expressed in developing endosperm, data from non-endosperm libraries that contained some endosperm-specific sequences were not included in the database. To exclude these libraries, we used the BLASTN tool (Altschul et al., 1997) to screen the data set of each non-endosperm library for the presence of well-described, highly expressed endosperm-specific genes (Supplemental Table 1 ). In total, we retrieved 160,019 cDNA sequence-reads from MaizeGDB and 41,998 cDNA sequence-reads from Ge´noplante. The retrieved cDNA sequence-reads were trimmed for vector sequences, bacterial sequences and ribosomal RNA sequences, resulting in 196,900 validated cDNA sequence-reads. The MaizeGDB and Ge´noplante sequences were added to 30,531 cDNA sequencereads from our laboratory, resulting in 227,431 ESTs. Of these, 64,537 originated from developing endosperm libraries.
CAP3 program (Huang and Madan, 1999 ) was used to assembly the 227,431 sequence-reads. A total of 217,665 sequence-reads were assembled into 19,440 contigs, while 9766 remained as singletons ( Table 2 ). The combined set of contigs and singletons resulted in 29,206 sequences (hereafter referred to as MAS for Maize Assembled Sequence) representing putatively different transcripts. A search of the GenBank (Benson et al., 2000) non-redundant protein database (cutoff BLASTX E value £ 10 )5 ) indicated that approximately 68% of the MASs were similar to known protein sequences.
To estimate the level of redundancy among assembled sequences, the 29,206 MASs were compared to a set of 745 complete maize coding sequences (CDSs) retrieved from GenBank (Supplemental Table 2 ). Using a highly stringent selection parameter (BLASTN E = 0.0) and the requirement that a complete CDS had to cover at least 90% of the MAS extension, a total of 382 CDSs matched to 465 MAS sequences. This result suggested that there was approximately 17.8% redundancy among the MAS sequences. This level was in good agreement with the redundancy calculated for other large EST assemblages, e.g. 19.6% for Apis mellifera (Whitfield et al. 2003) and 22% for Saccharum spp. (Vettore et al. 2003) , and indicates that MAIZEST may have identified around 24,000 expressed maize genes.
Identification of genes preferentially expressed in endosperm
The MAIZEST database was designed to provide tools for data storage and analysis. The assembling tools allowed the analysis of cluster distribution among libraries, and made it possible to infer the likelihood of tissue-specific expression. Interactive tools provide ways of data mining by using refined searches. Other tools, such as 'virtual northern', are available and allow the estimation of gene expression levels between different tissues and organs, or within the endosperm, at distinct developmental stages. The statistical significance of the digital analysis is tested as described by Audic and Claverie (1997) . Direct access to the database is achieved through the 'database query' tool which implements a default SQL interface that improves the capabilities for complex data mining. The combined MAS set represents a large and diverse collection of transcripts from genes expressed in different maize tissues and also constitutes an endosperm-enriched database for gene discovery and expression analysis. The MAI-ZEST database contains 64,537 ESTs that were generated from cDNA libraries prepared from endosperm tissue (Table 1 ; Supplemental Figure  2 ). A search of the 29,206 MASs showed that 13,457 MASs ($46%) contained at least one EST derived from endosperm cDNA libraries (Table 3) . By assuming a redundancy of 17.8% in this set, we estimated that around 11,000 genes expressed in the developing endosperm were identified. This number, which includes genes that are expressed in the endosperm as well as in other tissues, is twice that recently reported by Lai et al. (2004) . A search for MAS preferentially expressed in developing endosperm revealed a subset of 4032
MASs consisting of ESTs derived exclusively from endosperm libraries (Table 3) . Because of the large amount of ESTs originating from developing endosperm and from other vegetative tissues, this value is a good estimate of genes preferentially expressed in endosperm. Of the 4032 endospermpreferred MASs, 2794 were singletons and 1238 formed contigs. Singletons are genes expressed at a very low level and it is difficult to determine whether they are expressed in other tissues. However, we preferred to maintain these singletons in the class of endosperm-preferred genes because of the large number of endosperm and non-endosperm libraries analyzed. Schmid et al. (2005) , analyzing the expression of over 22,000 Arabidopsis genes in 79 different samples, found an average of 92% overlap of transcripts among the tissues. A fraction of 4.4-11.6% of the 22,000 Arabidopsis genes was found as being specific for a particular tissue. This number is in good agreement with the 13.8% of endosperm-preferred genes we found in the MAIZEST database. Genes expressed at a low level, including regulatory genes, play key roles in tissue development and metabolism. The genes preferentially expressed in endosperm included 118 transcription factors and 76 genes encoding proteins involved in signaling processes (data not shown). The complete set of preferentially expressed endosperm genes is provided as online information (Supplemental Table 3 ). In order to access the accuracy of the in silico identified endosperm-preferred genes, we performed an expression profile analysis of 288 ESTs randomly chosen from 10, 15 and 20 DAP cDNA libraries. These ESTs were hybridized with 33 P-labeled RNA from leaf, root and endosperm tissue (Supplemental Figure 3) . The 288 ESTs used in the expression profiling analysis correspond to 174 MASs. Among these, there were 47 (27%) classified by the in silico analysis as endospermpreferred. The 47 endosperm-preferred MASs sampled in the filters are formed by 92 ESTs. Among the 288 ESTs spotted in the membranes, 89 presented a significant endosperm-preferred profile. All these ESTs are among those classified as endosperm-preferred in the in silico analysis. Only 3 ESTs classified as endosperm-preferred in the in silico analysis didn't demonstrate significant tissue expression difference. These 3 ESTs represent singletons. Figure 1 shows few examples of typical endosperm specific genes and other proteins with endosperm-preferred and non-preferred expression profiling as determined by in silico analysis and high density membrane array.
Functional annotation of endosperm-preferred MASs
Provisional annotation of the entire endospermpreferred MASs set was inferred from electronic annotation by searching the Swiss-Prot/TrEMBL database. For those MASs matching the database, GO terms were assigned based on the highest significant similarity score ('best hit') using a cutoff value of E £ 10 )15 . From the 4032 endosperm-preferred MASs, a sub-set of 2403 MASs was functionally annotated by curators after evaluation through a series of in silico comparisons, as described in Material and Methods and illustrated in Figure 1 of supplemental material.
Figures 2 and 3 summarize the assignments of the 2403 MASs to major biological processes and molecular functions, respectively. Examination of the biological processes shown in Figure 2 revealed that a significant portion of the expressed transcripts is involved in cellular and metabolic processes associated with endosperm metabolism, such as cell division and growth, high rates of DNA replication within the cell, and amino acid and sugar transport, the latter being intrinsically linked to the accumulation of storage proteins and starch (Lopes and Larkins, 1993; Olsen, 2004) . In addition, key processes in organ development, such as regulation of the cell cycle, partitioning of growth between cell division and cell expansion, regulation of cell expansion and terminal differentiation, cell-to-cell signaling, and determination of cell fate, may be related to significant cellular processes assigned in the functional annotation (Figure 2 , outward blue sections). The transcripts related to those processes required for cell survival and growth include transport (5.3%), cell proliferation (2.3%) and cell communication (2.0%). Among physiological processes (Figure 2 , green a All ESTs entering database, generated from libraries depicted in Table 1 , were clusterized using CAP3. b After clustering of all of the ESTs generated from all tissues in the three projects, MASs containing only ESTs from endosperm libraries were selected using the SQL query. c All MASs containing at least one EST generated from endosperm were selected using the SQL query.
sections), those transcripts implicated in protein metabolism (16.8%), nucleic acid metabolism (11.1%), phosphorus metabolism (3.6%) and carbohydrate metabolism (3.3%), were successfully assigned. Nevertheless, large portions (ca. 36%) of the transcripts remained unassigned.
Annotation of the MASs with respect to molecular function also consistently revealed an array of gene functions most likely involved in endosperm development. As shown in Figure 3 , transcripts putatively encoding transporters accounted for 5.6% of the MASs preferentially expressed in endosperm, while nutrient reservoir activity (the zein family of storage proteins) represented 7.8%, and nucleotide and nucleic acid binding accounted for up to 9.0%. The assignment of other important classes of transcripts, such as transcription regulators (2.6%; mostly representing transcription factors) and signal transducers (1.2%) provides new perspectives for data mining and for studies of coordinated gene regulation in developing maize endosperm.
Discussion
By integrating large amounts of EST data generated from developing endosperm cDNA libraries with data generated from cDNA libraries of vegetative tissues, we have obtained a broader view of the possible set of genes expressed in endosperm. In silico comparisons uncovered a number of genes that can be specifically targeted in future functional genomic studies. Such an approach should advance our knowledge of the genes and functions underlying maize endosperm development.
In this work, we focused on a comparative analysis of ESTs from endosperm and non-endosperm cDNA libraries. The addition of over 30,000 new cDNA sequence-reads from developing endosperm created one of the largest publicly available databases of endosperm expressed genes. The novelty of this new collection of endosperm ESTs is that of 4032 endosperm-preferred MASs, 1962 were formed exclusively by ESTs from our laboratory while 1637 were from MaizeGDB and 80 were from Ge´noplante. Another important aspect was the diversity of sequences representing the developing endosperm. Even if mRNAs Figure 2 . Maize endosperm gene prediction: biological process. Gene Ontology categories were assigned to MASs through curatorrevised categorization. Classification is hierarchical, as children categories progress outwards from the inner parental categories. Two thousand four hundred and three endosperm-preferred MASs were classified. Gene Ontology terms (http://www.geneontolo gy.org) were assigned based on similarity to known protein sequences in several databases (GenBank nr, http://www.ncbi.nlm.nih. gov/Genbank/; SwissProt/TrEmbl, http://us.expasy.org/sprot/; TRANSFAC 6.3 and Transpath 3.3, http://www.gene-regulation.com/) using a BLASTX cutoff value of E £ 10 )5 . The percentage of MASs in each category is indicated next to the corresponding map sector. The 'unknown' category includes MASs that matched to 'unknown protein', 'putative protein' or 'hypothetical protein', with no indication of the corresponding function. The total sum of the percentages did not add to 100% because MASs may be assigned to more than one category or child categories may have more than one parental category (See Gene Ontology Consortium at http://www.geneontology.org/GO.nodes.html).
>encoding zein genes account for over 60% of the mRNA pool of the endosperm during periods of high storage protein synthesis (see for example, Woo et al., 2001) , a large portion of non-zein transcripts is present in the database. In fact, since most of the cDNA sequence-reads from our laboratory came from 10 and 15 DAP cDNA libraries, we have sequenced only 8,468 zein cDNAs out of 30,553 (ca. 27%). As a result, we have contributed considerably to the diversity of this database with respect to genes expressed in the endosperm. On the other hand, the non-endosperm sequences came from a large and diverse set of vegetative tissues and represented nearly twothirds of the total data set. If the number of genes in maize is similar to that of rice, which is estimated to be around 40,000 genes (Yu et al., 2002; Lai et al., 2004) , then the 24,000 putative genes identified here represent $60% of the maize genes. In assembling over 60,000 endosperm sequence-reads, we assumed that we had possibly identified ca. 11,000 genes expressed in the endosperm. This number is in good agreement with a recent report by Lai et al. (2004) , who assembled ca. 24,000 endosperm sequence-reads into 5326 putative expressed genes. Similarly, the search for Figure 3 . Maize endosperm gene prediction: molecular function. Gene Ontology categories were assigned to MASs through curator-revised categorization. Classification is hierarchical, as children categories progress outwards from the inner parental categories. Two thousand four hundred and three endosperm-preferred MASs were classified. Gene Ontology terms (http://www.geneontology.org) were assigned based on similarity to known protein sequences in several databases (GenBank nr, http:// www.ncbi.nlm. nih.gov/Genbank/; SwissProt/TrEmbl, http://us.expasy.org/sprot/; TRANSFAC 6.3 and Transpath 3.3, http:// www.gene-regulation.com/) using a BLASTX cutoff value of E £ 10. The percentage of MASs in each category is indicated next to the corresponding map sector. The 'unknown' category includes MASs that matched to 'unknown protein', 'putative protein' or 'hypothetical protein', with no indication of the corresponding function. The total sum of the percentages did not add to 100% because MASs may be assigned to more than one category or child categories may have more than one parental category (See Gene Ontology Consortium at http://www.geneontology.org/GO.nodes.html).
MASs containing at least one EST derived from MaizeGDB libraries revealed 5,887 MASs. Hence, the large amount of information compiled in the MAIZEST database provides a good opportunity for studying the regulatory processes governing endosperm development and metabolism. As an example, a search for MASs encoding regulatory genes revealed that of the 11,000 putative genes expressed in the developing endosperm, 365 represent putative transcription factors, and 118 of these were preferentially expressed in endosperm (Verza, et al., in preparation) . This information is of interest if considered along with the studies related to the opaque-2 maize mutant. The expression profile of an opaque-2 endosperm has revealed that a number of genes encoding enzymes involved in amino acid and carbohydrate metabolism, as well as genes encoding storage proteins are downregulated (Hunter et al., 2002) . The Opaque-2 gene encodes a b-ZIP transcription factor that regulates the expression of a set of enzymes involved in these metabolic pathways (Lohmer et al., 1991; Schmidt et al., 1992; Habben et al., 1993; Giroux et al., 1994; Gallusci et al., 1996; Arruda et al., 2000) and it is supposed to play a central role in endosperm development. Therefore, it will be interesting to clarify the interactions among Opaque-2 and those other 118 putative transcription factors.
